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ABSTRACT 


Three  instnoDients;  1)  a  wire  telemeter  used  in  climatic  chamber 
stu>ij.eii,  ?)  a  portable  luiit  which  delivers  an  audio  signal  suitable 
for  either  earjihone  monitoring  or  recording  on  magnetic  tape,  and  3)  a 
radiocai’diotachometer  used  in  field  studies,  are  described  for  the 
measurement  of  pulse  rates  from  active  human  test  subjects. 

A  noise-free,  ncn-ambiguous  record  of  pulse  beats  during  strenuous 
exercise  is  obtained  from  a  simple  photoelectric  transducer  which  senses 
light  intensity  fluctuations  on  the  surface  of  transluminated  vascular 
areas  without  pre-exercise  instnimentation  or  training  of  test  subjects, 
hotographs,  circuit  diagrams,  and  drawings  of  the  component  parts  of 
the  instruments  are  given.  Sample  data  are  presented  which  show  the 
pulse  wave  shape  and  typical  transient  response  curves  of  pulse  rate  for 
various  activities. 
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ENVIROK!^':ivTAL  FROTECTIOK  RESEARCH  BY  FEANS  OF  RADIO  TELEMETRY 


PART  II:  HEASURPMINT  OF  PUI^E  RATE  FROM  ACTEvE  TEST  SUBJECTS 


1 .  Introduction 


The  te]emetry  of  pulse  rate  from  htiman  test  subjects  during  exercise 
has  been  the  subject  of  many  investigations  because  the  frequency  of 
heart  beat  is  known  to  reflect  physiological  strain.  Furthermore,  it  is 
generall3’’  accepted  that  a  measure  of  pu3.se  rate  and  rectal  temperature 
will  indicate  to  an  investigator  when  his  subject  has  reached  a  dangerous 
level  of  strain  and  should  be  withdrawn  from  the  stress  condition.  The 
instruments  described  in  this  report  wei^  designed  primarily  as  safety 
devices  to  protect  men  performing  at  high  work  levels  under  environmental 
extremes  from  being  subjected  to  undue  strain.  It  was  therefore  essential 
that  the  apparatus  be  reliable  and  that  it  deliver  a  non-ambiguous  form  of 
pulse  rate  mieasurement. 

Numerous  systems  for  detecting  and  recording  heart  beats  have  been 
described  in  the  literature  and  may  be  classified  according  to  the  trans¬ 
ducer  used.  The  four  general  types  are  (a)  microphone  systems  which 
sense  heart  sovuids,  (b)  peripheral  pressure  systems  (12)  which  sense 
pressure  changes  in  the  arteries  (.displacement  type),  (c)  electric 
potential  systems  (6,  11)  which  record  or  count  variations  in  the  cardiac 
potential,  and  (d)  photoelectric  devices  which  sense  changes  in  blood 
content  in  the  tissue. 

All  01  these  systems  work  well  on  resting  subjects  but  require  basic 
modifications  before  they  can  be  applied  to  exercising  m.en.  A  microphone 
placed  over  the  chest  will  respond  to  sounds  generated  by  breai.hing, 
muscle  movement,  and  backgro'uad  noise  in  the  experimental  chamber,  as  well 
as  the  audio  signals  from  the  heart.  Pressure  systems  are  delicate  and 
easily  upset  by  muscle  activity  and  blood  pressure  variations.  Electric 
potential  systems  require  critical  placement  of  electrodes  in  order  to 
nullify  the  effect  of  higher- magnitude  muscle  potentials  during  exercise. 
In  addition,  since  the  test  subject  is  not  electrically  isolatea  from  the 
ainplif3ring  equipment,  a  shock  hazard  is  created  and  interference  is  gener¬ 
ated  when  other  measurements  such  as  body  temperatures  are  being  recorded 
concurrently.  In  general,  the  major  difficulty  encountered  by  using  any 
one  of  the  first  three  systems  to  measure  pulse  rate  during  exercise 
arises  in  discerning  the  heart  beats  from  extraneous  noise,  because  these 
systems  function  vdth  an  unfavorable  signal  to  noise  ratio.  Attempts  to 
im.prove  tl.is  ratio  by  using  filters  and  multi-cl'annel  devices  with  coin¬ 
cidence  circuits  (7)  necessitate  the  use  of  elaborate  harnesses  and  exten¬ 
sive  pre-exercise  instrumentation;  this  precludes  their  use  with  a  large 
group  of  test  subjects. 


The  fourth  irethod  of  sensing  pulse  rate,  the  photoelectric  technique, 
was  adopted  by  the  authors  as  the  most  feasible,  primarily  because  it  can 
operate  with  a  favorable  signal-to-noise  ratio  on  exercising  men  and  com- 
rlete  electrtca]  isolation  can  be  achieved.  Another  advantage  of  this 
system  became  apparent  after  a  prototype  was  built:  a  single  transducer 
can  1)0  US  ’.,  to  measure  the  pulse  rates  of  many  test  subjects.  This  trans¬ 
ducer  senses  pulse  beats  by  the  translumination  of  a  vascular  volxime;  it 
docs  rot  require  an''.'  special  harnesses,  electrodes  or  complicated  instru¬ 
mentation;  it  can  easily  be  passed  around  among  the  test  subjects. 
Furtiierniore ,  the  application  of  the  photoelectric  method  of  pulse-rate 
meuGurenent  in  a  long-range  radio  telemeter  (2)  demonstrated  that  a  suit- 
alile  transducer  could  be  constructed  which  would  not  be  affected  by  heat, 
sweat,  individual  differences  or  tKXly  motion. 

This  report  describes  the  application  of  a  photoelectric  transducer 
in  3  different  measuring  systems  which  permit  investigators  to  monitor  or 
I'ecord  nulse  beats  from  exercising  test  subjects.  The  basic  instrument 
is  used  in  treadmill  studies  in  climatic  chambers  where  the  transducer  is 
connected  by  direct  wire  to  an  analog  recorder.  In  addition,  two  modifi¬ 
cations  of  this  apparatus  are  discussed:  (1)  a  portable  unit  which  delivers 
an  audio  signal,  suitable  for  either  magnotic  tape  recording  or  aural 
monitoring  and  (2)  a  radiocardiotachometer  used  in  field  studies  where 
cc.mrjete  freedom  of  movement  is  desired. 

2.  r-glse  rate  •>.ransducer 

Photoelectric  detection  of  heart  te its  is  accomplished  by  sensing 
ci.anges  which  occur  in  the  optical  density  of  vascular  tissue  due  to 
variations  in  its  blood  content  during  tlie  cardiac  cycle.  Figure  2  is  a 
graph  of  the  transmission  spectra  of  flesh  shown  for  (.I)  bloodless  tissue, 
i'2)  tissue  flushed  with  blood  with  subject  breathing  100;^  oxygen  and  (3) 
tissue  flushed  with  blood  '.vith  the  subject  breathing  air. 

It  can  hie  seen  from  the  graph  that  the  intensity  of  the  transmitted 
light  will  vary  due  to  changes  in  blood  content  of  the  tissue  and  also  to 
variations  in  the  transmission  ch.aracteristics  of  the  blood  itself.  At 
the  -i-rv^length  of  7500°A ,  however,  the  optical  density  of  the  blood  is 
relatively  independent  of  the  ratio  of  oxyhacmoglohln  concentration  to 
haemoglobin  concentration  which  is  related  to  the  respiratory  state  of  the 
subject  (3). 

~igure  also  st'ows  the  relative  sensitivity  of  the  Clairex  type  CL-3 
cadmium  seleridt-  [ hotccell  superimposed  on  the  graoh  of  the  transmission 
spectra  for  flesh.  This  cell  is  ideally  suited  for  use  as  a  sensor  in  the 
photoe] ectric  translucor  since  its  response-  is  maximal  near  the  isobestic 
point  (750C^r.)  and  minimal  in  tVio  region  I'^etween  6000°A  and  6500°A  where 
disturbances  in  the  'respiiatory  state  of  the  subject  (such  as  hyperventila¬ 
tion  ard  Vreath-holding)  have  a  great  effect  o.,  the  transmission  properties 
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Figure  2.  Transmission  spectra  of  cartilaginous  hso-ix  and  relative 
sensitivity  of  CL-3  pb.vtocell. 
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RELATIVE  RESPONSE 


of  blood.  The  sensitive  area  of  the  photocell  is  rectangular  in  shape 
(l/l6  X  3/16  inch)  and  is  situated  I/8  inch  from  one  end  of  an  epoxy  resin 
cylinder  l/4  inch  in  diameter  and  1/2  inch  long.  Since  the  cell  is  ex¬ 
tremely  sensitive  in  the  red  and  near  infra-red  regions  of  the  spectrum, 
it  works  well  with  an  incandescent  lamp  light  source. 

Two  basic  configurations  of  the  photoelectric  transducer  have  been 
constructed  and  tested,  the  earlobe  transducer  and  hand-held  type.  The 
earlobe  transducer,  modeled  after  the  earclip  oximeter  (3),  functions  hy 
sensing  changes  in  the  intensity  of  light  transmitted  through  the  ear¬ 
lobe  (1,  ?),  This  device,  shown  in  Figure  3- is  machined  from  a  nylon  rod 

and  coated  with  black  Insl-x  compound 
in  order  to  exclude  outside  light  and 
to  insulate  and  stiffen  wires  connected 
to  the  light  bulb  and  photocell.  The 
unit  is  designed  to  encase  a  major  por¬ 
tion  of  the  earlobe  and  is  held  rigidly 
in  place  by  a  wire  hook  which  is  shaped 
to  fit  over  the  ear.  Wires  running 
from  the  transducer  tc  the  transmitter 
are  fastened  to  the  clothing,  allowing 
a  comfortable  amount  of  head  movement. 

The  earlobe  transducer  was  devel¬ 
oped  for  use  in  radio  telemetry  studies 
during  which  pulse  rates  were  monitored 
at  a  remote  location  from  tes'*’  subjects 
who  were  allowed  complete  freedom  of 
movement  within  the  test  area.  A  sep¬ 
arate  transducer  has  to  be  fitted  to 
each  test  subject  in  this  application, 
since  the  useable  area  of  the  lobe  is  small  and  placement  of  the  pickup  is 
extremely  critical;  however,  orce  instrumented,  the  test  subject  is  not  re¬ 
quired  to  participate  actively  in  the  measurement.  The  physical  dimensions 
of  this  device  are  given  in  Figure  4(2). 


Figure  5  shows  a  hand-held  photoelectric  transducer  which  is  used  mainly 
in  climatic  chamber  studies  to  san^^le  pulse  rates  from  a  large  group  of  test 
subjects  during  heat  stress  studies.  In  this  configuration,  the  photocell 
is  mounted  in  the  same  plane  as  the  light  source  and  responds  to  light  which 
is  diffused  through  the  tissue  by  scattering.  This  arrangement  makes  it 
possible  to  sense  the  pulse  beat  on  flat  surfaces  of  highly  vascular  areas 
and  results  in  (1)  greater  sensitivity  due  to  the  longer  path  length  for  the 
light,  (2)  relative  insensitivity  tc  movement  of  the  overlying  tissue,  and 
(3)  elimination  of  the  problem  of  i.xiividual  differences  in  test  subjects 
due  to  physical  size  and  shape. 

The  transducer  is  fabricated  from  a  nollov;  tube  of  aluminian  with  a 
black  phenolic  plug  inserted  in  one  end.  A  CL-3  photocell  and  pleriglas 


Figure  4.  Dimensional  drawing  of  (1)  hi.nd-held  transducer,  (2)  earlobe 

transducer,  and  (3)  forehead  transducer.  The  letters,  A, 3  and  C 
refer  to  the  lamp,  plexiglass  rod,  and  photocell  respectively. 
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rod  are  set  into  the  plug,  flush  with  the  exposed  surface.  The  rod  is 
used  to  bring  the  light  from  a  Type  22  bulb  to  the  surface.  Physical 

dimensions  of  the  hand-held 
transducer  are  given  in  Figure 
4(1).  In  order  to  obtain  a  pulse- 
rate  measurement,  the  investigator 
passes  the  transducer  to  the  test 
subject  who  grasps  the  tube,  plac¬ 
ing  his  thumb  pad  over  the  light 
sou37ce  and  photocell.  The  signal 
is  taken  over  wires  which  run 
through  the  open  end  of  the  tube 
to  the  amplifying  and  recording 
equipment. 

An  adaptation  of  this  transducer  has  been  used  in  studies  where  the 
hands  are  not  accessible.  It  consists  of  a  disc  with  2  photocells  and  a 
light  source  mounted  in  the  same  plane  which  is  strapped  to  the  forehead. 

A  diagram  of  this  forehead  transducer  is  presented  in  Figure  4(3).  Test 
subjects  must  be  individually  instrumented  when  thi.s  technique  is  used  and 
considerable  difficulty  is  experienced  in  placement  of  the  transducer.  How¬ 
ever,  it  should  be  noted  that  the  forehead  is  one  of  the  last  body  areas  to 
experience  vasoconstriction  in  the  cold. 

3-  Circuit  theory 

A  wire  telemeter  which  is  used  as  a  monitoring  device  during  chamber 
experiments  and  a  radio  telemeter  for  continuous  pulse  beat  recording  have 
been  developed  which  use  signals  from  the  photoelectric  transducer.  Both 
instruments  are  capable  of  producing  2  forms  of  pulse  beat  readout:  (1)  a 
graph  on  which  pips  are  plotted  with  reference  to  the  chart  paper  time  base 
and  (2)  an  audio  frequency  variation  which  can  be  recorded  on  magnetic  tape 
for  later  analysis.  Although  the  pulse  beat  signal  usually  exhibits  a  high 
signal-to-noise  ratio,  no  attempt  is  made  to  determine  instantaneous  pulse 
rate  by  measuring  the  period  between  pulses  since  such  measurements  are  not 
considered  sufficiently  significant  investigators  to  warrant  additional 
circuit-.’y. 

a.  yJire  telemeter  with  analog  readout 

The  signal  at  the  photocell  is  in  the  form  of  a  resistive  cliange 
each  time  the  heart  beats,  since  the  resistance  of  the  cell  is  an  inverse 
function  of  the  intensity  of  light  falling  on  its  sensitive  area.  Figure  6 
shows  the  CL-3  cell  (C.R.  1)  connected  in  series  arrangement  with  a  90- volt 
battery  and  the  primary  winding  of  a  transformer.  Each  time  that  a  light 
intensity  fluctuation  occurs,  the  resultant  current  change  in  the  trans¬ 
former  primary  will  induce  a  voltage  across  the  transfonner  secondary. 

Since  the  transformer  will  pass  only  the  A.C.  component  of  the  signal. 


Figure  5-  Hand-type  transducer. 
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baseline  variations  due  to  slow  changes  in  the  average  vascularity  of  the 
tissue  ai'e  effectively  removed.  The  capacitors  and  the  audio  frequency 
choke  shown  in  the  circuit  diagram  comprise  a  filter  for  signals  of  fre¬ 
quencies  above  4  or  5  cycles  per  second.  The  filter  eliminates  60  cycle 
7.'Ower  line  pickup,  noise  associated  with  body  motion  and  spurious  ambient 
light  fluctuations. 
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Figure  6.  Circuit  diagram  of  wire  telemeter. 

inno  signal  of  approximately  3  millivolts  measured  across  a 

1000-ota  load  vdll  be  present  at  the  input  to  the  amplifier  each  time  the 
heart  beats.  J^mg  exercise,  as  the  pulse  rate  increases  and  the  average 
vascularity  of  the  tissue  increases,  the  pulse  amplitude  will  increase 
considerably.  An  amplifier  with  a  gain  of  10,000  at  1  to  3  cycles  per 
second  will  be  sufficient  under  all  test  conditions.  The  Doelcam  D.C. 
Magnetic  Amplifier,  Model  2HLA-3  and  Brush  Recorder,  Model  B1201  were 
used  to  make  the  recordings  shown  in  Figure  ?. 

The  appearance  of  variations  in  the  amplitude  of  the  dicrotic  notch 
during  exereise  can  be  seen  in  Graph  A  of  Figure  7.  The  amplitude  of  the 
secoi^^j-  pulse  is  related  to  the  respiratory  state  of  the  test  subject 

attain  nearly  the  same  height  as  the  primary  pulse. 

It  is  for  this  reason  that  the  analog  readout  is  to  be  preferred  over  other 
-orms  Oi  display.  Systems  using  counters  in  some  form  of  automatic  period 
measurement  or  counting  operation  require  trigger  level  adjustment  and 
shap^g  circui-s  which  woold  have  to  discriminate  between  the  primary  and 
secondary  pulse  in  order  to  sample  over  a  required  period  of  at  least  20 
seconds.  This  cannot  be  done  by  direct  integration,  since  the  pulse  ampli¬ 
tudes  are  not  constant.  ^ 

b.  Wire  telemeter  with  audio  frequency  readout 

Indices  of  physical  condition,  such  as  the  Har.-ara  Step  Test  Index, 
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Figure  7.  Pulse  beat  recordings  taken  during  and  after  different  exercises. 
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have  been  evolved  which  are  calculated  from  the  observed  rate  of  change 
cf  pulse  rate  during  recovery  after  exercise.  The  reasurement  becomes 
much  mere  exact  if  the  entire  rccoverj’-  curve  is  available  and  the  critical 
points  are  extracted  from  the  fitter^  exponential  curve  thus  eliminating 
the  errors  which  may  arise  frem  the  cliai'acteristic  oscillations  in  pulse 
rate  which  occur  during  a  reco\'ery  period.  It  thus  becomes  desirable  to 
perform  automatic  reduction  of  pulse  rate  over  these  rather  long  periods 
of  obsei'-rtion. 


The  circuit  shown  in  Figure  6  combines  the  photoelectric  transducer 
described  above  with  an  amplifier  and  tone  generator  to  produce  audio 
frequency  variations  which  can  be  recorded  directly  on  magnetic  tape.  It 
can  be  seen  from  the  circuit  diagram  that  the  transducer,  its  coupling 
network,  and  the  noise  filter  have  been  retained  in  order  to  stabilize  the 
signal  baseline  and  remo’/c  spurious  signals.  Four  transistors  are  used: 
viand  Q2  comprise  a  direct-coupled  amplifier  which  is  RC-coupled  to  an^li- 
fier  Q3.  54,  C4  and  the  transformer  T2,  generate  the  audio  tone.  In  the 

absence  cf  a  pulse  signal,  a  steady  tone  of  about  1500  cycles  per  second 
is  present  at  the  output.  Each  time  the  heart  beats,  a  large  frequency 
excursion  occurs  in  the  audio  signal.  If  it  is  necessaary  to  monitor  the 
heart  beats  while  recording  for  automatic  data  reduction,  a  set  of  magnetic 
heaiiphcnes  may  be  inserted  in  series  with  the  transformer  T^.and  may  be 
adjusted  to  set  the  audio  tone  at  any  desired  audio  frequency. 
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Figure  8.  .ircuil-  diagram  of  wire  telemeter  with  audio  readout. 


In  practice,  the  test  subject  holds  the  transducer  during  the  recovery 
period  after  exercise  and  the  erti^e  record  of  heart  beats  is  preseirved  on 
magnetic  tape.  The  tape  is  then  processed  at  a  later  time  in  the  automatic 
data- reduction  facility  described  elsewhere  (2).  The  final  result  after 
automatic  reduction  appears  as  a  column  of  figures  showing  the  average 
period  of  the  pulse  taken  over  20  'oeats  and  referred  to  real  time.  Since 
the  complete  instrument  is  small  and  ineo^jensive ,  it  is  possible  to  provide 
several  channels  of  simultaneous  recording  supervised  by  a  single  investi¬ 
gator. 


c.  Radiocardiotachometer 


The  radiocardiotachometer  was  designed  to  provide  short  range 
telemetry  of  pulse  rate  in  situations  where  it  is  impossible  to  wire  the 
transducer  directly  to  the  recording  apparatus.  This  situation  occurs 
when  the  test  suoiect  is  active  over  a  large  area  and  cannot  be  restrained 
by  wires  or  when  he  is  exercising  in  a  clothing  ensemble  which  has  no 
openings.  The  maximal  range  of  the  transmitter  is  about  I5  feet  but  will 
vary  slightly  in  accordance  with  the  background  noise  level  and  the  operat¬ 
ing  frequency  of  the  R.F.  oscillator.  This  telemeter  is  used  to  sample 
pulse  rates  only  when  a  test  subject  is  within  range  of  an  antenna.  The 
long-range  (3'milp)  telemeter  for  continuous  pulse  rate  measurement  was 
discussed  in  a  previous  report  (2). 


Figure  9. 


Radiocardiotachometer 
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The  coiiif,lete  transmitter,  including  transducer  and  batteries,  weighs 
1  )  ounces.  The  amplifier-oscillator  portion  is  designed  to  fit  into  the 
tost  subject's  breast  pocket  and  a  small  cable  connects  to  the  pickup. 

The  transmitter  is  shown  with  both  covers  removed  in  Figure  9*  The  case 
was  fabricated  from  plastic  machined  to  receive  batteries,  crystal,  and  a 
chas.,  board  which  contains  the  components  shown  in  the  circuit  diagram 
(Fig,  10). 
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Figure  10.  Circuit  diagram  of  radiocardiotachometer. 

The  photoelectric  transducer  is  A. C. -coupled  to  the  first  transistor 
amplifier  resistor  R  and  capacitor  C.  The  value  of  the  resistor  was 
chosen  expe.'djmentally  to  deliver  maidmal  sigjial  to  th’i  base  of  Qj,  and  is 
a  function  of  the  average  resistance  of  the  sensor.  The  coupling  capacitor 
C  was  chosen  to  have  the  suallest  possible  impedance  between  1  and  3  cycles 
per  seoord  without  causing  an  inordinately  long  time  constant  to  be  devel¬ 
oped  in  the  circuit;  this  would  nullify  the  pulse  signals  during  recovery 
♦•rom  a  high  amplitude  noise  signal.  is  a  simple  grounded  emitter  anpli- 
fier  diirectly  coupled  to  the  R.F.  oscillator,  Qg,  which  acts  as  its  load. 
CRg  is  a  1N34a  crystal  diode  with  a  negative  temperature  coefficient  of 
resistance  wtiich  acts  as  a  temperature  compensator  by  stabilizing  the 
oscillator  collector  curi'ent  at  higher  temperatures.  The  telemeter  will 
perform  with  high  gain  at  moderate  temperatures  up  to  90°F  without  ten?:era- 
tui'e  compensation.  With  compensation  readable  signals  have  been  obtained 
at  temperatures  up  to  120°F  w4.th  slightly  reduced  sensit'vity. 
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of  I  onH  ?2  IS  controlled  by  resonant  crystal  CR3.  The  values 

01  L  ana  1.2  are  not  critical  and  the  oscillator  vri.ll  .function  properly  ud 
^  ‘‘^quency  of  ^0  meigacycles  per  second  vri.th  the  values  given  in  the  * 

modulation  is  accomplished  by  variations  in 
nS.f  C'^i'rent  each  time  the  heart  beats  and  the  amplified 

collector  circuit  of  Qj.  Although  the  use  of  a 

Si^freouenci^tri  seriously  limits  the  percent  deviation  of  the 

of  M ,:,w^  Circuit  IS  used  to  overcome  the  inherent  instability 

transistor  oscillators.  Stabilization  is  necessary  since 
—  e  transmitters  are  normally  subjected  to  a  wide  range  of  ambient  condi¬ 
tions,  and  several  identical  units  must  operate  in  a  very  narrcw  frequency 

subject  to  subject  can  be  accomplished  bv  tun¬ 
ing  the  receiver  and  the  possibility  of  interference  is  minimized, 

HnooJlJf  transmitter  package  contains  a  22.5-volt  battery  for  the  trans¬ 
ducer  circuit,  a  1.5-volt  rechargeable  nickel-cadmium  cell  for  the  light 

pen^ght  cells  in  series  connection  v^hich  supply 
J  fd  R.F.  oscillator.  The  lamp  requi.^es  110  ma  from 

l^?f..^nf  ^  operation  time  to  about  4  hours.  The 

lie  of  the  other  batteries  is  almost  equivalent  to  their  shelf  life. 

length  of  vri.re  which  is  attached  to  L  and  runs 
aiSn  .  to  the  earpiece.  The  signal  is  received  on  a  receiving 

antenna  which  is  placed  as  close  as  porsible  to  the  test  subject.  With  the 

(beat-frequency  oscillator  o;) 

o®  ^  deteci-ed  as  audio  excursions  and  may  either  be  counted 

or  recorded  on  magnetic  tape.  The  deviation  of  the  audio  frequency  is  of 
course,  a  function  of  the  initial  pulse  signal  amplitude.  If^S  date’arf 

^  reduced  to  an  analog  trace  or  punched 

dat°  S  referred  to  real  time  by  means  of  the  autoLtic 

da  reduction  system  described  elsewhere  (2). 

4.  Applications 


=„f  transducer  was  designed  to  be  used  primarily  as  a 

afety  device  to  indicate  when  an  exercising  subject  approaches  a  danger- 
usly  high  pulse  rate.  However,  the  system  may  hsive  far  greater  usefulness 
as  a  means  of  continuously  measuring  pulse  ratL  which  ciSZoZe  to^ll- 
muscu^  activity,  conditioning,  or  environment.  Several  graphs 
wil.  be  presented  which  illustrate  the  transient  nature  of  variations  in 

M-Se  rate  variations  produced  by  changing  activity  and  environment 

Changing  from  a  sitting  position  to  a  standing  position  or  moving 
from  one  environment  to  another  causes  noticeable  changes  in  ppl.se  rate.  ^ 
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Any  increase  in  muscular  activity  will  result  in  a  rauid  nse  in  pulse 
rate  at  the  comnehcement  of  exercise.  After  the  initial  period  of 

will^contJn  ^  plateau  or  asymptote,  the  pij-^e  rate 

"ith  time  if  a  high  level  of  stress  is 
maintained  (14).  Figure  il  shows  five  transient  changes  of  pulse  rate 
incurr^  by  changing  eitner  the  environment  or  the  level  of  muscular 
activity  The  data  were  obtained  at  Yuma  Test  Station  using  the  ear  pick- 

transmitter  to  telemeter  the  inf  option  to  the 
field  laboratory  where  it  was  recorded. 
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figure  11,  Effect  of  various  stress  conditions  on  pulse  rate.  Data 

telemetered  by  radiocardiotachometer  during  desert  studies. 

parts  of  the  test  consisted  of  tore-exercise  ohases, 
each  of  5  minute  duration.  During  the  first  phase,  the  subiect  sat  in 
the  air  conditioned  laboratory  (72°?);  then  he  changed  to  a  standing 
position  inside  the  laboratory,  and  in  the  final  r re-exercise  pliase  he 
sto^  outside  on  the  test  course  where  the  weather  conditions  were  as 
follows:  dry  bulb  temperature,  8l°F:  relative  humidity.  27)5:  radiation, 
i.ut  gram-cal/cm  /min;  and  wind,  1  mph.  The  subject's  pulse  rate  was 
r«corfea  continuously  during  these  phases,  and  the  data  shown  on  the 
graph  represent  ieterminations  made  every  30  seconds,  by  doubling  the 

number  of  heart  beats  for  15  seconds  before  and  15  seconds  after  each  30- 
sec end  rark. 

During  the  walking  neriai,  the  test  subject's  pulse  rate  was  measure- 
dole  RpproximatGly  of  the  tine  when  his  p^th  closely  paralleled  the 


antenna.  The  test  course  was  the  perimeter  of  a  large  square,  approxi¬ 
mately  135  ft.  on  a  side.  The  wire  antenna  extended  the  full  length  of 
one  side  of  the  square.  At  a  walking  rate  of  3  mph,  it  took  the  test 
subject  about  2  minutes  to  complete  each  lap  of  the  test  course,  and  the 
rulse  rate  was  measured  for  30  seconds  out  of  every  2  minutes. 

After  30  minutes  of  walking,  the  test  subject  remained  standing  at 
the  beginning  of  the  test  course  for  I5  minutes.  His  recovery  rate  was 
recorded  continuously  during  this  period. 

^  Thi  s  graph  shows  the  u.sefulness  of  the  radiocardiotachometer  as  a 
field  instrument  for  measuring  pulse  rate  without  subject  and  recorder 
being  in  rhysical  contact.  Sn’all  variations  in  pu^sc  rate  due  to  chang¬ 
ing  environment  or  muscular  activity  can  be  sensed  and  recorded  continu¬ 
ously  for  later  analysis. 


Tn  chamber  studies  involving  monitoring  of  oulse  rates,  the  hand 
transducer  was  generally  used  if  the  subject’s  hands  were  accessible  for 
measurement ♦  Figure  12  presents  the  pulse  rates  during  and  after 

exercise  for  a  well-conditioned  test  sub¬ 
ject  in  a  climatic  chamber  set  for  desert 
conditions.  The  temperatui’e  was  110®F; 
the  relative  humidity,  the  wind 

4  mph.  The  test  subject  walked  at  3.5 
mph  and  carried  a  15-pound  pack. 

The  graph  shows  the  subject's  standing 
pulse  rate  at  time  zero  and  then  every  30 
seconds  for  the  first  5  minutes  of  exercise 
and  every  minute  for  the  remainder  of  the 
exercise  period.  At  the  conclusion  of 
exercise,  the  subject  sat  down  and  his  pack 
was  removed  from  him.  His  pulse  rates  after 
exercise  were  recorded  continuously  and  ac¬ 
tual  values  for  every  30  seconds  are  pre¬ 
sented. 

The  curve  during  exercise  shows  the 
transient  nature  of  the  pulse  rate.  The 
rise  is  verj--  rapid  at  the  commencement  of 
exercise  and  when  it  reaches  the  higher 
levels  it  tends  to  oscillate  in  steps;  thus 
an  accurate  determination  of  the  pulse  rate 
is  impossible  without  continuous  recording. 


•■0  40  50  6C  'O 

T iML •  Minuses 

Figure  12.  Typical  data  ob¬ 
tained  during  and  after  walking 
exercise,  shoving  oscillatory 
nature  of  the  transient  pulse 
rate  response  to  stress. 
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One  of  the  most  frequently  used  criterion  for  determining  the 
physical  condition  of  an  individual  is  the  Hairvard  Step  Pest  (10).  Be¬ 
cause  the  pulse  rate  changes  very  rapidly  due  to  the  intensity  of  the 
exorcise  and  because  palpation  or  similar  measuring  methods  are  sc 
difficul, ,  only  post-exercise  measurements  wei^e  previously  used.  Figure 
13  presents  data  obtained  with  the  hand  transducer  while  the  test  subject 
was  doing  the  exercise.  The  study  was  conducted  in  the  climatic  chamber 
at  63^  and  25%  relative  humidity.  A  standard  20-inch  bench  was  used  and 
the  subject  stepped  up  and  down  each  second  for  5  minutes.  Figure  14 
shows  the  investigator  aurally  monitoring  heart  beat?  of  a  test  subject 
performing  the  Harvard  Step  Test  while  at  the  same  time  a  permianent  analog 
record  is  being  made. 


Fart  of  the  pulse  rate  cnart  for 
this  test  is  shown  in  section  C  of 

180  Figure  7  showing  an  average  pulse  rate 

of  160  B.P.M.  taken  at  approximately 
the  2.3  minute  mark.  The  amplitudes 
of  the  pulse  rate  pips  are  not  as  con¬ 
stant  as  they  are  for  lighter  exercise, 
but  each  individual  beat  is  clearly 
distinct  and  remains  so  even  when  the 

150  pulse  rate  reaches  as  high  as  186  B.F.M. 
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Figure  13 .  Pulse-rate  response 
during  Harvard  Step  Test. 


In  such  vigorous  exercises  as  the 
Hainrard  Step  Test,  this  sj’-stem  is  very 
useful  because  it  can  record  the  pulse 
beats  continucuslv.  whpro  other  instru¬ 
ments  cannot  maintain  contact  with  the 
subject  and  palpation  is  impossible 
without  interfei’ing  with  tho  exercise. 


d.  Post-exercise  recover 


Although  pulse  rates  during 
exercise  are  important  in  many  physio¬ 
logical  studies,  post-exercise  pulse 
rates  are  the  basis  of  many  indices  of 
physical  fitness.  Post  exercise  pulses 
follow  the  exponential  form  (14) 

-  kt 

PR  =  A  +  Be  ( 1 ) 


or  expressed  in  a  more  interpretive  form 


(2) 


_  t 

PR  =  PR^  +  (FRq  -  PRj^)  e  c 
where  PR  =  pulse  rate  at  time  t 

t  =  time  in  minutes 
PRfi  =  normal  pulse  or  the  asymptote  of  the  curve 
PRq  =  pulse  rate  at  t  =  o 

c  =  time  constant  of  recovery 
e  =  base  of  the  natural  log 

Formulation  of  the  curve  (pulse  rate  recovery  after  exercise)  is 
very  useful  because  it  establishes  the  normal  pulse  rate,  gives  the  tLme 
constant  of  recovery,  and  smoothes  out  irregularities  in  the  data.  Time 
constants  are  useful  to  indicate  a  rate  of  recovery  and  to  establish  the 
length  cf  time  required  for  the  pulse  rate  to  return  to  normal.  (Pulse 
rate  has  returned  to  within  2$  cf  normal  at  time  equal  to  4c.) 

Figure  15  shows  the  recovery  curve  for  a  test  subject  who  had  been 
walking  on  a  treadmill  for  2  hours  carrying  a  I5- pound  pack.  The  tempera¬ 
ture  was  110°F;  relative  humidity,  25:^  wind  speed,  4  mph;  and  the  test 
subject’s  walking  rate  was  3.5  ’’iph. 

The  hand  pickup  was  used  to  sense  his  pulse  rate  iurinF  exercise  and 
throughout  the  reco’/ejy^’  period.  His  pulse  rate  for  the  final  minutes  of 
exercise  was  fairly  constant  at  I85  B.P.l',  At  the  conclusion  of  exercise 
he  sat  down;  his  pack  was  removed  for  him,  and  his  pulse  rate  was  recorded 
continuously  ^or  the  thirty-minute  recovery  period.  The  circled  dots  are 
actual  values  of  pulse  rate  for  every  thirty  seconds  and  the  solid  line 
represents  the  equation  ^ 

PR  =  98  +  (185  -  98)  e  (3) 

Continuous  recording  is  again  important  in  pulse  rate  recovery  in 
order  to  obtain  accuracy  of  formulation.  Singular  readings  can  be  very 
misleading  because  the  pulse  rate  tends  to  oscillate  as  it  approaches 
norroal^as  seen  in  the  last  20  minutes  of  Figure  I5,  The  graph  further 
shows  that  extreme  caution  should  be  taken  when  using  pulse  rates  after  the 
cessation  of  exercise  as  a  criterion  of  the  pulse  during  exercise,  because 
of  the  fast  rate  of  change  of  pulse  when  exercise  is  concluded,  in  this 
instance  23  beats  per  minute  during  the  first  minute. 

5 .  Discussion 


As  monitoring  devices,  the  instruments  described  above  have  proven 
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reliable  in  a  variety  of  physiological  investigations.  Kon-ambiguous, 
’■'•hysiologically-signlficant  records  have  been  obtained  from  all  test  sub¬ 
jects  enconiitei-wl  without  any  need  to  compensate  for  individual  differences. 

The  system  consisting  of  a  hand-tj^^e 
transducer  vdth  analog  readout  is  con- 
1  sidered  most  reliable  since,  even  in  the 

presence  of  strong  dicrotic  notch  varia¬ 
tions,  the  characteristic  shape  of  the 
pulse  signal  is  easily  identified.  Al¬ 
though  the  audio  readout  is  most  conven¬ 
ient  for  fast  snot  checks  on  individuals 
suspected  of  experiencing  difficulties, 
audio  diocrimlnation  between  priimary 
and  strong  secondary  pulses  is  occasion- 
'  ally  not  possible  at  high  pulse  rates. 

,  It  vias  shown  in  the  sample  graphs 

'=  that  calculation-  which  involve  the 

average  pulse  rate  taken  over  a  discrete 
''  time  interval  are  best  made  from  contin¬ 

uous  registration  of  nulse  rate  because 
cf  the  characteristic  oscillation  which 
occurs  as  the  rate  approaches  an  asymp¬ 
tote  (during  exercise  or  on  recovery). 
The  permanent  analog  record  provides  a 
high  degree  of  resolution  for  such 
determinations;  however,  the  time  re¬ 
quire.!  for  manual  data  reduction  of  the 
recopd  is  considerable.  The  same  data 
can  b“  obtained  by  recording  the  .audio 
’ M  NjT.  .,,  signals  on  magnetic  tape  and  playing 

the:"  back  through  automatic  data-reduc- 
Figure  I5.  huise  rate  recover".'  tion  facilities.  The  output  from  the 

curve  taken  after  2  hours  of  radio  telem.et^r  for  pulse  irate  is  always 

walking  with  I3  pound  pack.  processed  in  this  way.  Readout  from 

this  system  can  be  secured  as  the 

elapsed  time  of  heart  beats,  stored  on  IBM  cards,  as  an  analog  recording, 
or  printed  on  tape  an.l  refeiu’ed  to  real  time. 

The  pulse  shape  of  light  intensit;/  fluctuations  occurring  with  each 
he-art  beat  is  a  function  of  the  ch.anges  in  average  vascularity  of  the  flesh 
and  the  blorxd  pressure.  The  technique  of  transluminaticn  has  been  used  by 
■-ertzinan  et  al  ('5,11,15'),  to  measure  blood  flow.  Furthermore,  Franklin  (5) 
shows  a  strikingly  identical  wave  shame  for  aortic  blood  flow  for  each 
hpqrt  beat  cf  a  dog  recorded  by  means  of  a  sonic  flowmeter.  ..Although  no 
attempt  has  been  m,a'le  to  calibrate  the  devices  described  'n  this  paper,  it 
is  possible  to  identify  local  changes  in  vascularity  w';lch  occur  as  pulse 
amplitude  variatic.as.  This  application  is  similar  to  that  reported  by  uutt- 
man  (F'  who  has  develoned  a  photoelectric  ring  plethysmograph  useful  in 
measurements  on  sedentary  subjects. 
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